In the railroad industry there is a need to have quantitative information on internal rail flaws, including flaw size and orientation. Having such information can ultimately lead to an increase the safety of train operations by preventing derailments using a knowledgebased decision of remedial action to be undertaken on the rail flaw. Current ultrasonic inspection methods leave such determinations to a rather subjective interpretation by the inspector which is influenced by experience and other factors. However, this quantitative information can be obtained by 3-D imaging of the rail flaws. This paper will present a method for 3-D imaging of internal rail flaws based on Ultrasonic Tomography. Combining tomographic elements from radar and sonar imaging, high resolution images of flaws can be obtained with a stationary array of ultrasonic transducers. Operated in a "full matrix capture" scheme that minimizes the number of ultrasonic transmitters, the practical implementation is simplified and the inspection time is reduced with such an array. In this method, a full 3D image of the rail volume identifies the location, size and orientation of the defect. This will help to eliminate human error involved with the typical manual, single transducer inspection methods currently used. The results of advanced numerical simulations, carried out on rail profiles with an internal defect will be presented. The simulations show the effectiveness of the technique to image a 5% Head Area Transverse Defect in the rail head. Current efforts are aimed at developing an experimental prototype based on this technology, whose design is in process.
INTRODUCTION
Safety Statistics Data from the US Federal Railroad Administration indicate that train accidents caused by track failures (including rail, joint bars and rail anchoring) resulted in 1,235 derailments and $321M in associated damage costs during the a five year period (Dec 2006-Oct 2011) (1) . Among the most severe internal rail flaws are Transverse/Compound Fissures (TF) and Detail Fractures (DF) that propagate predominantly in a direction transverse to the rail running direction (Transverse Defects -TD's).
To ensure proper rail maintenance and safety of transportation, ultrasonic rail inspections are conducted on schedules by time and gross tonnage as per FRA regulations. Currently in the U.S. the "stop and confirm" mode of rail inspection requires verifying any defect indication found by an inspection car. Such manual verification is usually performed with 70-deg ultrasonic transducers (to maximize the sensitivity to critical Transverse Defects) typically operated at frequencies of 2.25 MHz (2) . However, both car inspections and manual inspections cannot currently provide accurate and repeatable information on the size, shape and orientation of a defect that has been detected. Rather, the defect size is estimated from manual scanning of the ultrasonic transducers in a subjective manner based on operator's judgment and level of experience.
The railroad industry would benefit from a system that can provide 3-D imaging of rail defects in an automated manner, to obtain more accurate information on flaw size, shape and orientation. Such a system would increase safety with a more accurate rail flaw assessment. Accurate and repeatable sizing of internal rail defects could provide for increased flexibility in the future as it may be possible to tailor maintenance mandates to the actual size of defects. Doing so could potentially improve the overall safety and efficiency of the rail transportation industry. This improvement would be particularly beneficial to high-speed rail that will require well-targeted maintenance actions within increasingly shorter maintenance windows.
TECHNOLOGY ASSESSMENT
Ultrasonic Tomography represents the "next level" in imaging performance from Ultrasonic Phased Array technology. Ultrasonic Tomography represents "the next level" in imaging performance from Ultrasonic Phased Array technology. Phased Arrays (PA), which provide steering and focusing capabilities to the ultrasonic beam, have been used successfully in the railroad industry to inspect hard-to-access locations of axles (e.g. wheel seats, brake disk seats and gear seats) (3) and to enhance the detectability of internal rail flaws (4, 5) . The Transportation Technology Center (TTC) in Pueblo, CO has also worked on rail flaw characterization by Ultrasonic Phased Arrays (6) . not practical in meeting the power and size requirement for a hand-held system that is practical for field use on rails. In the case of 2-D arrays that are necessary to provide 3-D imaging without scanning manually the transducers, as desired by rail flaw inspection, PA imaging becomes challenging.
Alternatively, Ultrasonic Tomography with Synthetic Aperture Focusing (SAF) (7, 8, 9 , and 10) represents an evolution from PA imaging, in that only a few transmitters can be used at once - Figure 1(b) . As opposed to the PA method of focusing the ultrasonic wave into a beam to target select points within a volume, SAF transmits a beam that is made to be as divergent as possible to span the inspection volume. By using the divergent beam the number of active channels is greatly reduced, particularly the transmission channels. The reduction of complexity in the electronics can now multiplex a limited number of transducers at once, placing Ultrasonic Tomography with SAF at the forefront of recent Sonar, Radar and Medical Imaging. In the SAF approach, focusing is achieved in both transmit and receive with the minimum electronic complexity. Hence, a SAF-based Tomographic Imaging approach seems ideal for a hand-held rail inspection system in the field.
SYNTHETIC APERTURE FOCUSING
Figure2. Principle of Synthetic Aperture Focusing (SAF) for Ultrasonic Tomography 3D
imaging.
The SAF method is most efficiently implemented using a delay-and-sum algorithm (9, 10, and 11). Figure 2 displays the broad idea of the SAF applied in a 3D schematization. The algorithm is based on the time required for an ultrasonic wave to propagate from transmitter i to a receiver j after reflection from a focus point P, in the imaging volume. The delay-and-sum algorithm used for the SAF method can be expressed by referring to figure 2 and using to the following equation:
In equation 1, I(r p ) is the imaging intensity at focal point P(x,y,z) of the volume (associated with the 3D position vector r p ), N is the total number of j receivers, M is the number of i transmitters, and the function y[t p (i,j),i,j] is the ultrasonic waveform generated by the i-th transmitter and detected by the j-th receiver. The ultrasonic waveform y[t p (i,j),i,j] is calculated at the time delay t p (i,j), that is in turn calculated from the wave travel time from transmitter i, to focal point P as follows:
For equation 2, r P is the 3D position vector of the focal point P, r T (i) is 3D position vector of the i-th transmitter, r R (j) is the 3D position vector of the j-th receiver, and ν L,S represents the longitudinal wave velocity or the shear wave velocity in the material. Using either the longitudinal or the shear wave velocities is referred to as "Multimode Detection". Equations 1 and 2 "scan" all the focus points P(x,y,z) of the 3D imaging volume and attribute to each focus point an "imaging" value I(x,y,z) that corresponds to the ultrasonic intensity that is transmitted by all M transmitters, reflected by point P, and received by all N receivers. This is known as "total focusing" (i.e. focusing in both transmission and reception). More importantly, the ultrasonic tomographic approach minimizes the number of transmitters that are need to be excited at once and reducing the complexity of the electronics.
Owning to the focusing process in both transmission and reception, the Signal-toNoise Ratio (SNR) of the image expected from the ultrasonic tomographic system with M transmitters and N receivers can be written as (12)
It is then expected that the SNR of the resulting image will improve with the increasing number of transmitters and receivers. In practice, the hardware complexity, cost, and scan time limit the number of transmitters. Thus, here a spare array of transmitters will be used with as few as five combinations with a finer array of receivers. This approach involving the spare transmitters and fine receivers has been considered in medical imaging with the SAF technique.
MATCHED FILTERING
Used in radar imaging to compress and denoise the radar reflections from the targets, matched filtering dramatically enhances the SNR and image resolution (13). Applying matched filtering to the general SAF approach became a key step in this present study. By performing a cross-correlation between each raw waveform received by the ultrasonic transducers and the know excitation sent by the ultrasonic transmitter, the matched filter is applied. The matched filtered signal is represented by the following equation:
Such that f* is the complex conjugate of the known excitation signal sent to the transmitter (or, alternatively, the signal from an "ideal" reflector) and y(t) is the received waveform. Figure 3 . Example of Matched Filtering with the top Waveform a two-cycle toneburst at 2 MHz, the center waveform a detected signal with 10 dB of white noise added, and the bottom signal the resulting waveform after matched filtering the toneburst and the detected signals.
An example of the application of matched filtering is shown in figure 3 . An excitation waveform of two-cycle toneburst is seen at the top of the figure. The center signal is a simulated received signal with the addition of 10 dB of white noise. The result of applying the matched filtered method between the noisy signal and the excitation signal is represented in the bottom signal. In the result, it is clearly seen that the arrival of the signal is easily determined after applying the filter.
HILBERT TRANSFORM
In rail flaw detection, there is the possibility that multimodes exist as rail steel allows the two fundamental wave modes to propagate. The two modes that propagate are the longitudinal wave mode and the shear wave modes. Each of these modes travels at a different speed, typically v L =5.3 mm/µsec (0.21 in/µsec) for the longitudinal mode and v S =2.8 mm/µsec (0.11 in/µsec) for the shear mode. Using a longitudinal excitation, the reflection from a defect will generate both a longitudinal wave mode (same mode reflection) and a shear wave mode (mode conversion) that will be seen by the receivers. With the expectation of using multimode tracking, a method is needed to identify the distinct modes within a received waveform. Having the existence of two different modes allows for the use of different time delays in the delay-and-sum equations (1) and (2) and can enhance the SNR of the resulting image. Figure 4 shows the Hilbert Transform envelope detection applied to an ultrasonic recorded in the rail of a 3D FEA simulation discussed later. Clearly, the Hilbert Transform captures the signal strength or amplitude at the appropriate delays at the point in the volume that can then be summed. 
BASELINE SUBTRACTION
Baseline subtraction is a key feature in the implementation of the 3D rail flaw imaging approach. In this step, the ultrasonic waveforms are collected from pristine defect free rail volume and used as a baseline. Using the baseline subtraction eliminates any contributions of waves that have not resulted from the direct reflection of a flaw in the railhead. By applying the baseline subtraction, reflections from the rail boundaries will be eliminated and the SNR of the defect image will be radically enhanced. In theory, a database of baselines can be developed by only having to scan a pristine section of rail for a selection of geometries such as 136 RE and 141 RE rail sizes. If the rail shows heavy wear, then a baseline can be taken from a section known to be free of defects and used on the section with the defect volume in question.
Baseline subtraction is executed in two different modalities. The first modality uses an envelope subtraction performed on the enveloped signals generated by the Hilbert Transform. In the second modality, the subtraction is performed on the resulting images. The application of both modalities greatly enhances the image resolution with the removal of spurious waveforms that are not generated by the direct reflection from the internal flaw in question.
FINITE ELEMENT MODEL FOR 3D RAIL FLAW IMAGING
Using ABAQUS a 3D FEA model was developed in order to evaluate the mathematical method for the SAF approach discussed in the pervious section. The model is a 175.2 mm (6.9 in) long section of 136 RE rail sectioned at the web height ( Figure 5 ). The flaw in the model is a circular transverse defect extending for 5% of the rail head area and the location geometry is shown in figure 6 . A planar transducer array with 525 elements at a spacing of 2 mm (0.08 in) was implemented in the simulated model for the 3D imaging. Figure 9 shows the array and defect simulated in the FEA model.
With the future prototype design in mind, a sparse transmitter scheme was evaluated in the model. Accordingly, only five transmitters (M=5) were used, see Figure  10 . By minimizing the number of transmitters, the complexity, cost and scan time of the imaging system is effectively reduced. Two cases were considered, namely: one case with all the elements receiving (N = 525), and the other case with only 140 elements receiving (N = 140). This was done to fully evaluate the effect of reducing the number of receivers on the final image resolution. The first simulation was run to acquire waveforms for a pristine rail section for the baseline subtraction for both the full array (525 elements) and sparse array (140 elements) of receivers. Following the baseline acquisition, two additional simulations were run (for the full array and for the reduced array) to collect the waveforms with the defect in the volume. 
FULL ARRAY (525 RECEIVER ELEMENTS) IMAGE RESULTS
In this section, the 3D images generated from the reconstruction algorithm on the waveforms collected in the FEA simulation using five transmitter elements and 525 receiver elements are presented. Figures 11 and 12 show two views of the results using a longitudinal mode for the transmitter to defect path and a shear mode for the path from the defect to the receiver. The receiver signals were matched filtered and baseline subtraction was applied in the production of the image. Clearly, the defect is seen with no extraneous artifacts, image noise, or speckle noise producing an image with excellent contrast. Again, in the image the defect is shown with excellent contrast with no extraneous artifacts, image noise, or uncorrelated speckle noise. Using the longitudinal wave modes has corrected the position inaccuracies seen in the previous results. However, there are some irregularities with some contour lobes that were not present in the longitudinal/ shear wave modes results. When the most important measure of defect size is evaluated, again the result is very accurate. In the reconstructed image, the defect size is 154 mm 
REDUCED ARRAY (140 RECEIVER ELEMENTS) IMAGE RESULTS
In the interest of reducing complexity of a practical system, the effect of reducing the number of receiver elements was investigated. The image results of the FEA model using five transmitters and 140 receivers are presented in this section. As in the previous section, the longitudinal wave mode and shear wave mode combination (longitudinal wave speed for the transmitter to defect path and shear wave speed for the defect to receiver path) is evaluated first. The resulting images are shown in Figures 15 and 16 . The same methodology was used such that the receiver signals were matched filter and baseline subtraction was applied.
The results from the reduced receiver array are very promising. While there is some drop in the image resolution, the position and sizing accuracy is well maintained. In the image result, the size of the defect is 148 mm ). This is a difference of only 0.25% of the rail H.A.
For completeness, the longitudinal wave modes combination (using the longitudinal wave velocity for both transmitter to defect and defect to receiver wave paths) is also presented. The results are shown in figures 17 and 18. Here the results are similar to those seen in the full array images. This confirms that it is possible to reduce the total number of receivers as a cost benefit. Now the detected defect size is basically the same at 154 mm , it results in a difference of 0.4% of the rail H.A. Based on these simulation results, the prospect for this method to be used in a practical application is promising. With this in mind, the development of a prototype is the next step to move the method onto the rail industry.
EXPERIMENTAL PROTOTYPE DEVELOPMENT
For the generation of the 3D images of flaws without any transducer movement, a 2D matrix transducer is required rather than the conventional 1D linear array. Using a static 1-D array will collect data that only represents the planer section normal to the point of the array's placement. In order to create the 3-D image with a linear array it is required that the array collect data perpendicular to the array's transducer alignment to collect the third dimension of the test specimen. By implementing the sparse transmitter array, only a few transducers will be used for transmission and the remaining transducers will be used for reception.
Resolving small flaw features and meeting an accuracy goal of 20% of the actual flaw size and an accuracy of 20% degrees of the actual flaw orientation is achievable with high frequency ultrasonic waves. The results of the simulations showed that an ultrasonic frequency of 2.25 MHz will be sufficient to achieve the desired accuracy. The 2.25 MHz frequency is also used in conventional ultrasonic inspection of rails, and hence this specification should aid in the transition of the prototype to industry. The final array chosen (Fig. 19) is a 16 x 16 matrix array with a central frequency of 2.25 MHz. Each element within the array is small at 1.4mm, and therefore will generated signals that have a very wide generation field. This wide generation field is expected to allow for the elimination of the traditional 70-degree wedge used in the conventional method to target the most common transverse defect orientation in rails of 20 degrees. Eliminating the wedge will greatly simplify the reconstruction algorithm, since a wedge in the beam path will complicate the geometry and therefore the time delay calculation of the ultrasonic wave path. Nevertheless, the insertion of a wedge is being considered as an option in the image reconstruction algorithm, should this option become necessary.
The array is manufactured with piezo-composite technology transducers that optimize the ultrasonic energy transmission through minimum acoustic impedance mismatches at the element interfaces.
For the demonstration prototype to be developed within this project, the 16 x 16 2D ultrasonic transducer array needs to be integrated with a data acquisition system. The system will be required to generate ultrasonic signals in selected array elements and receive the response signals from a selection of the remaining elements in order to collect the data needed for the computation of the image reconstruction algorithm.
A data acquisition system that can acquire over 500 channels simultaneously is just not economically practical at this time. Thus, the system will need to have the ability to excite the transmitter multiple times, receive a discrete number of channels, and then switch to another element for transmission and repeat the acquisition of the remaining channels until all the desired excitations are completed. The switching can be accomplished using an appropriate multiplexer and matrix switch combination. A multiplexer will be needed for the signal transmitter, since the switching speed is not critical and the multiplexer can handle higher voltages with mechanical switches. The need for the higher voltage capability is yet to be determined, but having the option for the insertion of a high-powered amplifier to create the excitation signals to the transmitters is the reasoning to use the high voltage capabilities of the multiplexer. Due to the high channel count of the reception, a matrix switch is needed. Matrix switches are fast and have high channel count through the use of solid state technology.
Perhaps the most important consideration is the sampling rate of the function generator for excitation and of the digitizer for reception. With a planned central frequency of 2.25MHz and bandwidth between 1.5MHz to 3.0MHz, the sampling rate is very high for standard digital components available. According to the Nyquist Theorem, the sampling rate of a digital signal must be a minimum of twice the desired frequency to eliminate aliasing. In practice, it best to have a sampling rate that is 10 times the maximum frequency expected to be generated or received to insure that aliasing is prevented. Thus, for the demonstration prototype both the function generator and the digitizer are required to have sampling rates of 30MHz or higher.
The hardware for the data acquisition is configured on a PXI platform. Using a PXI platform allows for the use of off the shelf components thus reducing the time constraints of this current project. Furthermore, the PXI chassis has a high speed broad bandwidth of up to 4GB/s bussing configuration that will exceed the requirements for the generation of signals and the acquisition of the signal response.
Using off the shelf components also makes the prototype economically feasible. A 100 MS/s arbitrary function generator was chosen to allow for signal generation well within the desired excitation frequencies as well as allow for the signal to be configured as preferred. The excitation signal is then sent to a high voltage switch that allows for the selection of the chosen transducers to be used as transmitters. While the majority of the components are available off the shelf, a custom switching card was required, and has been fabricated, in order to handle the large channel count of the receivers. The custom switch terminal block is a 512-crosspoint matrix, which then sends the received signal to the digitizer. For the digitizer, a 32-channel Field Programmable Gated Array card was chosen with a maximum sampling rate of 50MS/s. The hardware components are shown in figure 20. In order to expedite the development of the prototype, two software platforms will be used. Each platform will have separate tasks, one for the data acquisition and array control and the other one for the image reconstruction. This is to allow for an efficient method for development.
For the data acquisition component, the National Instruments LabVIEW© software platform will be used. This platform is a Graphical User Interface (GUI) software that is used for a broad range of data acquisition applications. Under this platform, the user will be able to control the waveform for excitation to the transmitter, select the transmitter or group of transmitters, and acquire the receiver waveforms in an appropriate format to interface with the image reconstruction algorithm software.
The image reconstruction algorithm for this study is being been written in the Matlab© software platform, to take full advantage of the powerful data processing algorithms and functions.
CONCLUSION
The ultrasonic tomography method shows great promise for the imaging of defects in rails. Under the current methods of rail flaw detection, it is quite difficult to quantify the defect size and orientation, and thus defect severity is generally estimated. Because of this, having the ability to determine if a defect is at a critical orientation or it has reached a critical size is not possible. In applying the imaging algorithm to the waveform signals generated by the FEA simulations, the results showed accurate sizing of a 5% H.A. transverse defect in the head of a 136RE rail. The defect position and orientation were 
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Arbitrary Waveform Generator 12 x1 Multiplexer displayed in the reconstructed image with great accuracy. This is a substantial advancement to the current defect detection technology, in which defect size and orientation is based on the inspector's subjective determination.
In light of the promise shown by the simulations, the development of a practical prototype was undertaken. Once operational, the prototype will test the ultrasonic tomography method on real world rail defects. Testing real defects will surely require more development of the algorithm for image reconstruction. It is the goal of this project to develop a portable system that will improve defect classification in rails and ultimately improve public safety. 
Matched Filtering (from Radar imaging).
3. Baseline Subtraction (from Ultrasonic Testing).
Multi-mode Detection (from Ultrasonic
Testing).
Step 1: Synthetic Aperture Focus Step 4: Multi-mode Detection • Simulations demonstrated successful 2-D and 3-D imaging of 5%H.A. TD in 136 RE rail with excellent defect sizing estimation.
• Simulations showed satisfactory 3-D flaw images with only 5 transmitters and 140 receivers without moving the array (further reductions possible) reductions possible).
• Development of Experimental Prototype under way.
• Tomography with SAF allows to reduce the number of channels to multiplex, and it is therefore ideal for a portable, hand-held system for field use
